Introduction
Endotoxin exposures and associated health effects have been studied in a wide range of agricultural, industrial, and indoor environments (Jacobs, 1997; Myatt and Milton, 2001) . Endotoxins are biologically active lipopolysaccharide (LPS) molecules that form the outer membrane of Gram-negative bacteria. Endotoxin toxicity is related to the chemical structure of the lipid A portion of LPS, which varies among bacterial species. Hence, the bacterial source(s) of endotoxin may influence endotoxin-related health risks among individuals from different environments. Lipid A contains characteristic 3-hydroxy fatty acids (3-OH FAs), primarily of carbon chain lengths C 10 , C 12 , C 14 , C 16 , and C 18 (Wilkinson, 1988) . These 3-OH FAs can be used as chemical markers to estimate total LPS (Sonesson et al., 1994) . Exposure to endotoxin in the air and dust of office buildings, homes, and other nonmanufacturing indoor environments has been linked to a variety of health conditions and symptoms among occupants (Michel et al., 1991 (Michel et al., , 1996 Park et al., 2001; Reynolds et al., 2001; Rizzo et al., 1997; Rylander et al., 1989 Rylander et al., , 1992 Teeuw et al., 1994) .
The commercial aircraft cabin is a non-manufacturing, non-agricultural indoor environment. Approximately 198 000 flight crew work on scheduled commercial aircraft in the United States (ATA, 2001).
Abstract Endotoxin was measured in air and dust samples collected during four commercial aircraft flights. Samples were analyzed for endotoxin biological activity using the Limulus assay. 3-hydroxy fatty acids (3-OH FA) of carbon chain lengths C 10:0 -C 18:0 were determined in dust by gas chromatography-ion trap tandem mass spectrometry. The geometric mean (geometric standard deviation) endotoxin air level was 1.5 EU/m 3 (1.9, n ¼ 28); however, significant differences were found by flight within aircraft type. Mean endotoxin levels were significantly higher in carpet dust than in seat dust (140 ± 81 vs. 51 ± 25 EU/mg dust, n ¼ 32 each, P < 0.001). Airborne endotoxin levels were not significantly related to either carpet or seat dust endotoxin levels. Mean 3-OH FA levels were significantly higher in carpet dust than in seat dust for C 10:2 , C 12:0 , and C 14:0 (P < 0.001 for each), while the mean level of C 16:0 was significantly higher in seat dust than in carpet dust (P < 0.01). Carpet dust endotoxin was significantly, but moderately, correlated with 3-OH-C 12:0 and 3-OH-C 14:0 (Pearson r ¼ 0.52 and 0.48, respectively), while correlation of seat dust endotoxin with individual 3-OH FAs depended on the test statistic used. Mean endotoxin potency was significantly higher for carpet dust than for seat dust (6.3 ± 3.0 vs. 3.0 ± 1.4 EU/pmol LPS, P < 0.0001). Mean endotoxin levels in the air and dust of commercial aircraft cabins were generally higher than mean levels reported in homes and office buildings. These results suggest that exposure route and dust source are important considerations when relating endotoxin exposure to specific health outcomes.
A recent National Academy of Sciences report concluded that insufficient data on exposure to biological agents, including endotoxin, were available on commercial aircraft (NRC, 2001) . To address this data gap, endotoxin levels in air and dust were measured on commercial aircraft flights as part of a larger National Institute for Occupational Safety and Health study of commercial aircraft cabin environmental quality (Waters and Bloom, 1997) . The 3-OH FA content of the dust samples was also determined. These data were evaluated to determine if aircraft type, flight, source of dust (carpet or seat), and location within aircraft were significant predictors of endotoxin and 3-OH FA levels. The relationship, if any, between endotoxin levels in air and in dust was also investigated.
Materials and methods
Air and dust samples were collected in the coach section of two types of commercial aircraft, an Airbus Industries A-320 and a Boeing 747-200, during four passenger flights on June 1, 2, 6, and 8 1998. A flight consisted of an entire trip between two cities, from takeoff to landing. Different planes (i.e. with different tail or identification numbers) were flown on each flight; hence, flight and plane were confounded. The gate-to-gate times for the two A-320 flights (nos 30 and 33) were 292 and 209 min, respectively, while the gate-to-gate times for the two 747-200 flights (nos 31 and 32) were 618 and 519 min, respectively. The A-320 is a smaller aircraft (single aisle; 138 coach seats) than the 747-200 (double aisle; 296 coach seats). The coach section in each type of aircraft was divided into four groups of approximately the same number of continuous rows of seats. For the A-320, these groups or ÔÔzonesÕÕ were rows 5-10 (zone A), rows 11-16 (zone B), rows 17-21 (zone C), and rows 22-27 (zone D); for the 747-200, these groups were rows 21-27 (zone A), rows 36-45 (zone B), rows 51-58 (zone C), and rows 59-66 (zone D). Two area air samples, two dust samples from different fabric-covered seats, and two dust samples from different sections of the aisle carpets were obtained in each zone.
Air samples were collected on 0.4-g polycarbonate filters in closed-face three-piece polystyrene, 37-mm filter cassettes at a nominal flow rate of 4 l/min using battery-operated personal sampling pumps (Model 224-PCXR8; SKC, Eighty Four, Pennsylvania). Pumps were turned on at the beginning of the flight (i.e. as flight crew and passengers were boarding) and off at the end of the flight (i.e. after the plane had landed). Filter cassettes were attached to seat backs. Personal air diffusers above the seats were turned off. Pumps were calibrated pre-and post-sampling on the ground at approximately NTP conditions (760 mmHg, 25°C) using a DryCalÒ DC-Lite flowmeter (BIOS International, Butler, New Jersey). A field blank was collected on each flight.
Settled dust samples were collected on glass-fiber filters in closed-face three-piece polystryrene, 37-mm filter cassettes. A stainless steel sampling probe, 38-mm long by 21-mm O.D. (outer diameter) crimped to a 3-mm slot was attached to the cassette inlet. The cassette outlet was attached by tubing to a personal sampling pump (described above) and the flow rate set to a nominal 4 l/min. A plastic sampling template (10 cm · 10 cm) was placed on the seat or carpet. Starting at one corner, the entire area within the template was swept back and forth in an ÔÔSÕÕ pattern with the sampling probe, first horizontally, then vertically. Horizontal and vertical swipes were repeated for 3 min. A new sampling probe was used for each dust sample.
A tube filled with the desiccant, Drierite TM (W.A. Hammond Drierte Co, Ltd, Xenia, OH, USA), was attached to the outlet of each air and dust cassette after sampling. Samples were refrigerated at 4°C and shipped within 1-2 days by overnight carrier to the laboratory. The mass of dust in the carpet and seat samples was determined gravimetrically. Endotoxin was extracted in both air and dust samples by sonication in buffer (0.05 M potassium phosphate, 0.01% triethylamine, pH 7.5) and quantified with the kinetic Limulus assay with resistant-parallel-line estimation (KLARE) method as previously described (Hines et al., 2000; Milton et al., 1992 Milton et al., , 1997 Walters et al., 1994) . Limulus amebocyte lysate (LAL) was obtained from BioWhittaker, Inc. (Walkersville, Maryland), control standard endotoxin was obtained from Associates of Cape Cod (Woods Hole, Massachusetts), and reference standard endotoxin (EC6, Lot G) was obtained from the United States Pharmacopoeia (Rockville, Maryland). Samples with dose-responses that were not parallel to the standard curve were considered invalid and are not reported. Results were reported in endotoxin units (EU) with reference to EC6 (USP, Reference Standard Endotoxin Lot G, 1 ng ¼ 10 EU). Potency of the control standard endotoxin was determined by direct assay with the reference standard, with both standards diluted in buffer. Endotoxin air levels in EU/m 3 are reported at NTP conditions after correction for a 3.5% decrease in pump flow rate at typical in-flight cabin pressure conditions (582 mmHg or approximately 6000 ft) and for the time-weighted average pressure in the cabin while the sample was collected; i.e. EU/m 3 ¼ [EU/ filter · (760/P aircraft-TWA in mm Hg)]/[(average flow rate · 0.965 in m of 10-18 carbon chain lengths in 1-mg dust samples (Saraf et al., 1999) . Dust samples were also analyzed by gas chromatography-mass spectrometry (GC-MS) using a quadrapole instrument in selected ion monitoring mode (SIM) (Saraf et al., 1997) to confirm the specificity of GCMSMS as compared to GCMS. LPS was quantified by assuming that 4 mol of 3-OH FA corresponded to 1 mol of LPS (Rietschel et al., 1984; Wilkinson, 1988) .
Statistical analyses were done in SAS v. 6.12 (SAS Institute, Inc., Cary, North Carolina) and S-PLUS v. 4.5 (MathSoft, Seattle, Washington). All significance testing was done at the a ¼ 0.05 level. In order to reduce the probability of at least one Type 1 error, means of multi-level variables were compared only if the overall test was significant. Distributions of air and dust exposure variables were evaluated using graphical methods, the Shapiro-Wilk goodness-of-fit test, and by examining the residuals for each model.
Endotoxin air data appeared to fit an approximately lognormal distribution and a natural log transformation was applied. An analysis of variance (ANOVA) was performed to test the effect of aircraft type (two levels), flight (two levels in each aircraft type, treated as random), zone (four levels) and the interaction of aircraft by, zone on airborne endotoxin. Each combination of aircraft, flight, and zone had two observations, except four observations were missing due to assay interferences. As the data were not balanced, interactions were generally tested first, and the one with the largest P-value was removed from the model if that P-value was greater than 0.05.
After examining residuals, an approximately normal distribution was assumed for the endotoxin dust data. An ANOVA was performed to test the effect of aircraft type, flight within aircraft type (treated as random), zone, source of dust (carpet or seat), and the interactions aircraft type by source, aircraft type by zone, source by zone, and aircraft type by source by zone on dust endotoxin levels. Each combination of aircraft type, flight, source, and zone had two observations. Again, after examining residuals, an approximately normal distribution was assumed for the concentration of 3-OH FAs in the dust samples (expressed as pmol LPS/mg dust). An ANOVA was performed separately for carpet and seat data to test the effect of aircraft type, flight within aircraft type (treated as random), zone, replicates within each combination of aircraft type, flight, and zone (treated as random), carbon chain length, and the interactions for aircraft type by zone, aircraft type by chain length, chain length by zone, aircraft type by chain length by zone, and chain length by flight within aircraft type on 3-OH FA concentrations in the dust samples. A leastsquares means analysis was done to examine significant interactions. A more complex analysis was also performed on the combined carpet and seat dust data to specifically test the effect of source of dust (carpet or seat) on 3-OH FA concentrations.
An ANOVA was also performed to test the effect of aircraft type, flight within aircraft type (treated as random), source, zone, and the interactions for aircraft type by source, aircraft type by zone, source by zone, and aircraft type by source by zone on estimates of endotoxin potency for the carpet and seat dust samples. After examining residuals, the potency variable was assumed to be approximately normally distributed. A one-way ANOVA was used to test separately, the effect of zone and the effect of source, on the mass of dust collected in the carpet and seat samples, which was assumed to have an approximately normal distribution.
The relationship between endotoxin levels in air and endotoxin levels in carpet and seat dust was examined separately using regression analysis. The mean endotoxin level in the air and the mean endotoxin level in carpet or seat dust for each zone on each flight (n ¼ 15) was used as independent and dependent variables, respectively. Six regression models were fit for each dust source. In three models, the mean of the natural log-transformed endotoxin air levels was used as the dependent variable and either a linear or quadratic model was fit to the independent variable, or a linear model was fit to a natural log-transformation of the independent variable. In the other three models, conditions were the same as described, except the dependent variable was not log-transformed. The correlation between endotoxin levels and 3-OH FA concentrations in seat and in carpet dust was evaluated for each carbon chain length using Pearson's and Spearman's correlation coefficients.
Results
Thirty-two air samples were collected on four flights. A valid estimate of the endotoxin level could not be obtained for four samples due to possible assay interferences. Endotoxin levels for the remaining 28 samples were above the limit of detection (LOD ¼ 0.19 EU/filter or 0.12 EU/m 3 for a mean flight time of 473 min, mean flight pressure of 656 mmHg, and a mean sampling rate of 4 l/min). The geometric mean (GM) and geometric standard deviation (GSD) were 1.5 EU/m 3 and 1.9, respectively (n ¼ 28, range 0.53-5.3 EU/m 3 ). All field blanks were below the LOD. Endotoxin levels on flight 33 were significantly higher than on flight 30, and endotoxin levels on flight 32 were significantly higher than on flight 31 (Table 1) . Type of aircraft, zone, and the aircraft by zone interaction were not significant (P ¼ 0.93, 0.35, 0.70, respectively).
Sixty-four dust samples were collected on four flights (n ¼ 32 each for carpets and seats). Total dust mass harvested was obtained for 58 samples (29 each for carpets and seats). The mean (± SD) amount of dust harvested from carpets and seats was 447 ± 93.7 (range 281-624) and 423 ± 140 (range 132-662) mg/ sample, respectively. These means did not vary significantly by zone within the aircraft (P > 0.8) or by dust source, i.e. carpet or seat (P > 0.4).
All 64 dust samples had detectable levels of endotoxin (LOD ¼ 0.01 EU/mg dust). Mean (± SD) endotoxin levels in carpet and in chair dust samples were 140 ± 81 (range 3.8-420, n ¼ 32) and 51 ± 25 (range 2.3-142, n ¼ 32) EU/mg dust, respectively; the GMs were 120 (GSD ¼ 2.3) and 44 (GSD ¼ 1.9) EU/mg dust, respectively. The mean endotoxin level for carpet dust was significantly higher than for seat dust (P < 0.001). Aircraft type, flight within aircraft type, and zone were not significant (P ¼ 0.93, 0.46, and 0.39, respectively). A statistically significant linear, quadratic, or exponential relationship between airborne endotoxin levels and endotoxin levels in either carpet or seat dust was not found in any of the regression models (data not shown).
Detectable levels of 3-OH FAs of each carbon chain length were also found in all 64 dust samples (LOD ¼ 10 ng LPS/sample). The source (carpet or seat) by carbon chain length interaction was significant (P < 0.001) ( Table 2) . Mean 3-OH FA levels were significantly higher in carpet dust than in seat dust for 3-OH-C 10:0 , 3-OH-C 12:0 , and 3-OH-C 14:0 (P < 0.001 for each). The level of 3-OH-C 16:0 , however, was significantly higher in seat than in carpet dust (P < 0.01). When carpet and seat samples were analyzed separately, two interaction terms were significant in each model; in the carpet dust model, the chain length by flight within aircraft interaction (P < 0.001) and the aircraft by chain length by zone (P ¼ 0.034) interaction were significant (Tables 3 and  4) ; in the scat dust model, the chain length by flight within aircraft interaction (P ¼ 0.032) and the chain length by zone interaction (P ¼ 0.032) were significant (Tables 4 and 5) .
Endotoxin potency estimates of carpet and seat dust in EU/pmol LPS were determined by dividing the endotoxin level in EU/mg dust by the total estimated LPS concentration in pmol/mg dust (sum of 3-OH-C 10:00 through 3-OH-C 18:00 ) for each sample. Carpet and seat dust mean (±SD) endotoxin potency estimates were 6.3 ± 3.0 (n ¼ 32, range 0.18-15) and 3.0 ± 1.4 (n ¼ 32, range 0.16-7.3) EU/pmol LPS, respectively. The mean potency estimate for carpet dust was significantly higher than for seat dust (P < 0.0001).
Carpet dust endotoxin levels were significantly correlated with 3-OH-C 12:0 and 3-OH-C 14:0 (Pearson r ¼ 0.52 and 0.48, respectively; P < 0.01 and n ¼ 32 for both). Seat dust endotoxin levels were significantly correlated with 3-OH-C 14:0 and 3-OH-C 16:0 (Pearson r ¼ 0.42 and 0.46, respectively; P < 0.05 and P < 0.01, respectively; n ¼ 32 for both). Spearman correlations gave similar results for carpet dust; however, all correlations for seat dust were not significant when the Spearman statistic was used, most likely because the Pearson statistic was strongly influenced by an observation that had the highest value for endotoxin, 3-OH-C 14:0 and 3-OH-C 16:0 .
GC-MSMS offered considerably improved detection specificity in comparison with GC-MS used in the SIM mode (Figure 1) . The two lowest tracings show in detail the time interval around 3-OH 16:0 using SIM; ions of mass-to-charge ratio (m/z) 343 and m/z 175 are monitored. It is not possible to accurately quantify this acid (using m z 175) due to the presence of a partly co-eluting compound that forms ions of the same massto-charge ratio, i.e. m/z 175. By contrast, this disturbing compound was not registered when using GC-MSMS, which is, therefore, preferred for determination of LPS 3-OH FA in environmental samples.
Discussion
The air and dust of commercial aircraft, like that of other indoor environments such as homes, offices, and schools, contains readily detectable levels of endotoxin. Endotoxin results can vary across laboratories depending on extraction protocol, source of sample, filter media, and LAL lot (Chun et al., 2000) . Therefore, comparisons across laboratories should be interpreted with caution. In the comparisons below, we have noted 
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where laboratories were the same and where they were different. The GM endotoxin air level in the aircraft cabins was approximately six-fold higher than that reported in a single office building (Hines et al., 2000) and approximately two-fold higher than the GM level reported in homes (Park et al., 2000) . The foregoing studies can be directly compared as they used the same laboratory and method, and adjusted for the effects of variation in LAL lot sensitivity to environmental endotoxin in house dust. The GM endotoxin air level in the aircraft was also higher (1.1-3-fold) than in five of six office buildings studied by Reynolds et al. (2001) (different laboratory).
The mean endotoxin level in aircraft cabin carpet dust was approximately two-fold higher than the mean level found in carpet dust from a single office building (same laboratory) (Hines et al., 2000) and three orders of magnitude higher than levels found in carpet or floor dust from office buildings in two other studies (different laboratories) (Gyntelberg et al., 1994; Mølhave et al., 2000) . By contrast, the mean endotoxin level in aircraft cabin seat dust was only slightly higher than the mean level reported for office building chair dust (same laboratory) (Hines et al., 2000) . When compared to dust from homes, the mean endotoxin level in aircraft carpet dust was slightly higher (less than two-fold) than levels in bedroom and kitchen floor dust, and the mean endotoxin level in aircraft seat dust was comparable to levels in family room and bed dust (Park et al., 2000 (Park et al., , 2001 ) (same laboratory). Compared to studies using different laboratories, aircraft carpet dust endotoxin levels were usually higher (2-16-fold) (Bischof et al., 2002; Douwes et al., 1998; Michel, 1996; von Mutius et al., 2000; Rizzo et al., 1997; Thorne et al., 2000) and sometimes lower (Gereda et al., 2000; von Mutius et al., 2000) than levels in floor or carpet dust from homes. Endotoxin levels in aircraft seat dust were higher (2-16-fold) than reported endotoxin levels in home mattress dust (Douwes et al., 1998; Michel et al., 1996) .
In previous studies reporting endotoxin results separately for floors and furnishings, mean endotoxin levels in floor or carpet dust were higher than mean endotoxin level in beds (Park et al., 2000 (Park et al., , 2001 , office chairs (Hines et al., 2000) , and mattresses (Douwes et al., 1998) , except in Michel et al. (1996) where no significant difference was found between mean endotoxin levels in mattress and in bedroom floor dust. We similarly found a significantly higher mean endotoxin level in aircraft carpet dust than in seat dust.
As in this study, Park et al. (2000) did not find a significant association between endotoxin levels in air a-c,g P < 0.01; e,h P < 0.05; d,f P < 0.001; i P < 0.0001. Values with the same letter are significantly different. AM, arithmetic mean; SD, standard deviation. and endotoxin levels in bed, bedroom floor, or kitchen floor dust. Similarly, air and dust levels of muramic acid, a marker for bacterial peptidoglycan, were not correlated in schools . Thus, settled dust levels of bacterial endotoxin and peptidoglycan may not be good predictors of airborne exposure, although they may be reasonable exposure markers if brief exposure to puffs of material pumped out of seats or resuspended from carpets is important. Mean endotoxin potency estimates for aircraft cabin seat and carpet dust (3.0 and 6.3 EU/pmol LPS, respectively) were approximately 6-7-fold higher than mean endotoxin potency estimates for office building chair and carpet dust (0.50 and 0.88 EU/pmol LPS, respectively) (Hines et al., 2000) , and 2-4-fold higher than for house dust (1.4 EU/pmol LPS) (Saraf et al., 1997) . Moreover, the mean carpet dust endotoxin potency estimate was approximately two-fold higher than the potency estimate for seat dust in both the aircraft cabins and in the office building (Hines et al., 2000) . Higher endotoxin levels and potency estimates for carpet dust as compared to seat dust in both the aircraft cabins and in the office building suggests that these two dust reservoirs have different bacterial populations.
The explanation for the relatively high endotoxin potency estimates in the aircraft cabins as compared to other indoor environments becomes clearer by examining differences in 3-OH FA levels in these environments. In general, mean levels of individual 3-OH FAs in both aircraft carpet and seat dust were several folds lower than mean levels reported for office building carpet and chair dust (Hines et al., 2000) . In addition, the range of total estimated LPS in the aircraft carpet and seat dust, computed as the sum of the LPS for C 10 -C 18 , (12-33 and 11-25 pmol LPS/mg dust, respectively) was much lower than for house dust (7.4-175 pmol LPS/mg dust) (Saraf et al., 1997) and for office building carpet and seat dust (53-81 and 68-92 pmol LPS/mg dust, respectively) (Hines, unpublished data) . The combination of relatively high endotoxin levels and relatively low total LPS produced higher endotoxin potency estimates for aircraft dust as compared to the office building or house dust.
The 3-OH FA profile for aircraft cabin carpet and seat dust was different than that found in an office building study (Hines et al., 2000) . Office building carpet and chair dust had significantly different levels of C 10:0 , C 12:0 , C 16:0 , and C 18:0 fatty acids, while the aircraft cabin carpet and seat dust had significantly Fig. 1 Analysis of 3-hydroxy fatty acids of 10, 12, 14, 16, and 18 carbon chain lengths (blackened) in a dust sample by using GC-MSMS focusing at m/z 131 and GC-MS focusing at m/z 175 (upper two tracings); detail of the region of 3-hydroxyhexadecanoic acid in the same sample preparation achieved by using GC-MS focusing at m/z 175 and m/z 343 (lower two tracings). Abscissa: minutes; ordinate: relative ion intensity different levels of C 10:0 , C 12:0 , C 14:0 , and C 16:0 . The predominant 3-OH FAs in the office building carpet and chair dust were C 16:0 and C 18:0 (62 and 78% of total, respectively) (Hines, unpublished data), whereas in aircraft carpet dust, C 14:0 and C 16:0 comprised 55% of the mean total 3-OH FAs (75% if C 12:0 included), and C 16:0 and C 18:0 predominated in aircraft seat dust (63% of total). In air samples collected from schools , C 16:0 and C 18:0 were the predominating 3-OH FAs (73% of total). These studies suggest that C 16:0 and C 18:0 may be the predominating 3-OH FAs in some, but not all, indoor reservoirs.
The correlation between endotoxin level and 3-OH FA concentrations varies by type of indoor environment. Endotoxin in house dust correlated best with carbon chain lengths C 10:0 , C 12:0 , and C 14:0 (Spearman r ¼ 0.65, r ¼ 0.56, r ¼ 0.65, Saraf et al., 1999 ; Pearson r ¼ 0.89, r ¼ 0.90, r ¼ 0.77, Saraf et al., 1997) , while endotoxin in carpet and seat dust from an office building was most positively correlated with C 12:0 (Pearson r ¼ 0.61) and most negatively correlated with C 16:0 (Pearson r ¼ 0.67) (Hines et al., 2000) . In the current study, endotoxin in aircraft carpet dust correlated best with C 12:0 followed by C 14:0 (Pearson r ¼ 0.52 and 0.48, respectively); and endotoxin in aircraft seat dust correlated best with C 16:0 followed by C 14:0 (Pearson r ¼ 0.46 and 0.42, respectively). In summary, endotoxin in dust collected from homes, an office building, and aircraft cabins seems to correlate most consistently with 3-OH FA C 12:0 and 3-OH FA C 14:0 .
The reasons for the generally higher endotoxin levels in the air and dust of aircraft cabins as compared to homes and offices are not entirely clear. Aircraft cabins have a higher density of human occupancy per unit volume and per unit area than either office buildings or homes. Daily duration of occupancy in aircraft cabins (i.e. 16-18 h/day) is usually greater than most office buildings (i.e. 8-10 h/day), yet comparable to homes that are occupied most of the day (i.e. 16-18 h/day). Carpets and seats in aircraft cabins are not routinely vacuum cleaned. Duration of occupancy in apartments by the same individual and infrequent vacuum cleaning have been shown to be significant predictors of endotoxin in living room floor/carpet dust (Bischof et al., 2002) . Absolute humidity in homes has been significantly associated with increased airborne endotoxin levels (Park et al., 2000) ; however, neither absolute humidity nor relative humidity has been associated with endotoxin levels in settled dust (Bischof et al., 2002; Douwes et al., 1998; Park et al., 2000) . In our study, relative humidity (which averaged 12-20% on the four flights) was confounded with aircraft type and its effect could not be independently evaluated. Temperature in homes has not been significantly associated with either airborne or dust endotoxin levels (Bischof et al., 2002; Douwes et al., 1998; Park et al., 2000) . Differences in hygienic conditions among aircraft cabins, homes, and offices may partly explain differences in endotoxin levels across studies.
Another possible explanation for higher endotoxin levels in aircraft cabins as compared to homes and offices is that the relative proportions of C 12:0 and C 14:0 3-OH FAs were greater in aircraft cabin dust than in home or office dust (Saraf et al., 1997; Hines, unpublished data) . Previous investigation of the endotoxin potencies of several bacterial species (Saraf et al., 1997) suggests that higher endotoxin potencies are associated with the presence of C 12:0 or C 14:0 3-OH FAs. Thus, the types of bacteria and, therefore, the type of LPS present, may simply be different and more potent in the aircraft cabins.
Except for certain chain lengths of 3-OH FA in carpet dust, differences in endotoxin and 3-OH FA levels between the two aircraft types were not found. The limited number of flights sampled and treating flight as a random effect reduced the power to detect differences. Significant spatial variability, i.e. differences between zones, was found only for some 3-OH FAs in carpet and seat dust, but not for endotoxin in either air or dust. The lack of spatial variability in airborne endotoxin levels suggests that the air was well mixed and that highly localized sources of airborne endotoxin were not present. The absence of spatial variability for endotoxin in either seat or carpet dust, and the limited spatial variability observed for certain 3-OH FAs, suggests that the influence of any exposure-modifying factors was similar throughout the coach section.
In summary, differences in endotoxin characteristics by dust source indicate the importance of considering possible exposure pathways when designing sampling strategies. The absence of a correlation between endotoxin in air and endotoxin in indoor surface dust, both in this study and in Park et al. (2000) , suggests that different factors may contribute to endotoxin levels in air than in dust. Epidemiological studies that include both air-and source-specific dust measures of exposure are needed to understand the mechanisms of endotoxin exposure in indoor environments as they relate to health outcomes.
